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Emerging contaminants (ECs) (e.g., pharmaceuticals, illicit drugs, personal care products) have been detected in
waters across the United States. The objective of this studywas to evaluate point sources of ECs along the Colorado
River, from the headwaters in Colorado to the Gulf of California. At selected locations in the Colorado River Basin
(sites in Colorado, Utah, Nevada, Arizona, and California), waste stream tributaries and receiving surface waters
were sampled using either grab sampling or polar organic chemical integrative samplers (POCIS). The grab sam-
ples were extracted using solid-phase cartridge extraction (SPE), and the POCIS sorbents were transferred into
empty SPEs and eluted with methanol. All extracts were prepared for, and analyzed by, liquid chromatography–
electrospray-ion trap mass spectrometry (LC–ESI-ITMS). Log DOW values were calculated for all ECs in the study
and compared to the empirical data collected. POCIS extracts were screened for the presence of estrogenic chemi-
cals using the yeast estrogen screen (YES) assay. Extracts from the 2008 POCIS deployment in the Las VegasWash
showed the second highest estrogenicity response. In the grab samples, azithromycin (an antibiotic) was detected
in all but one urban waste stream, with concentrations ranging from 30 ng/L to 2800 ng/L. Concentration levels of
azithromycin, methamphetamine and pseudoephedrine showed temporal variation from the Tucson WWTP.
Those ECs that were detected in themain surfacewater channels (those that are diverted for urban use and irriga-
tion along the Colorado River) were in the region of the limit-of-detection (e.g., 10 ng/L), butmost were below de-
tection limits.
Published by Elsevier B.V.
1. Introduction
Located in the western half of the United States (US) is the Colorado
River, which is a major source of water (e.g., drinking, agricultural, indus-
trial) for millions of people living in the southwestern part of the United
States (e.g., Arizona, Southern California, Colorado, Nevada, and Utah)
and Baja California, Mexico. The focus of this paper was to identify and
characterize point sources of a select subset of emerging contaminants
(ECs) (e.g., pharmaceuticals, illicit drugs) entering the Colorado River so
that this information can be used by water management authorities in
their decision making regarding the use, and reuse, of source waters.
Sampleswere collected throughout the Colorado River Basin (CRB), start-
ing in the Upper Basin at Grand Lake, Colorado (the headwaters of the
Colorado River), down the Lower Basin, and concluding at the Northern
International Boundary (NIB) between California and Mexico (Fig. 1).
Nine ECs were chosen for screening, including four antibiotics: three
macrolides (azithromycin, clarithromycin, roxithromycin), one lincosa-
mide (clindamycin); one narcotic (hydrocodone); one over-the-counter
(OTC) (pseudoephedrine); two illicit drugs (methamphetamine, MDMA
or Ecstasy); and one marker of untreated human waste (urobilin).
These nine were specifically chosen because of their polar characteristics,
amenability to the methodologies used, socially-related reasons, and for
their potential for adverse human and aquatic affects. As an example,
the four antibioticswere chosen for study because of (1) theirwidespread
use in the US [i.e., azithromycin is the topmacrolide antibiotic prescribed
in the US, with nearly 49 million prescriptions in 2010 (DrugTopics.com,
2010)], and (2) concern that the presence of antibiotics in wastewater
effluents, along with the presence of antibiotic resistant genes (ARg)
and antibiotic resistant bacteria (ARb) are creating environmental “hot
spots” (Castiglioni et al., 2008; Kemper, 2008; Kim and Aga, 2007;
Le-Minh et al., 2010; Loganathan et al., 2009; Merlin et al., 2011; Munir
et al., 2011; Rosenblatt-Farrell, 2009; Schwartz et al., 2003; Segura et al.,
2009; Seveno et al., 2002). Uncertainty exists as to what will develop
from these hot spots, and it has been suggested that more wide-spread
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and global ARbwill arise from these hot spots (Seveno et al., 2002); there-
by, rendering modern antibiotics useless or weakened in potency
(Felminghamet al., 2007; Knapp et al., 2010). The two illicit drugs (meth-
amphetamine and MDMA) were chosen because of their reported abuse
and limited environmental occurrence data in the US (Banta-Green et
al., 2009; Bartelt-Hunt et al., 2009; Boles and Wells, 2010; Chiaia et al.,
2008; Jones-Lepp et al., 2004; Loganathan et al., 2009). Urobilin, a chem-
ical marker of untreated human waste, was selected because it can be
helpful in determining the presence of raw human waste (Jones-Lepp,
2006; Loganathan et al., 2009). The nine emerging contaminants of this
study and their chemical formula, CAS #, molecular weight, and log
DOW are shown in Supplemental Table 1.
The potential for adverse effects from ECs on human health is un-
known, but is becoming a concern due to the increasing multi-use
and reuse character of wastewater effluent (e.g., snowmaking, golf
course irrigation, landscape irrigation, crop irrigation, etc.), and espe-
cially where in some cases it is continuously recycled in a closed-loop.
This multi-use and recycling of wastewater effluent and the impact
Fig. 1. Colorado River Basin Watershed.
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upon Southwestern water resources (e.g., Colorado River, Santa Cruz
River, Gila River, etc.) increase the potential for cumulative increases
of ECs intowater supply sources. In the near future, water reusewill be-
come especially important in densely populated arid areas where there
is an increasing demand to supply water from limited supplies. Human
well-being in a future world will depend more heavily upon this sus-
tainable resource and the characterization of ECswill become important
for ecological and human health risk assessments and commodity valu-
ation of water resources (Blasco and Pico, 2009; Young, 2005).
2. Experimental
2.1. Chemicals
Clarithromycinwas obtained fromUS Pharmacopeia (Rockville, MD,
USA). Azithromycin, roxithromycin, and clindamycin were obtained
from Sigma-Aldrich (St. Louis, MO) or United States Pharmacopeia
(USP, Rockville, MD). Methamphetamine, MDMA, d5-MDMA, hydroco-
done, and pseudoephedrine were obtained from Cerilliant Corporation
(Round Rock, TX). Urobilin was obtained from Frontier Scientific
(Logan, UT). HPLC-grade methanol was obtained from varying sources
[e.g., Burdick and Jackson (Muskegon, MI); EK Industries (Joliet, IL); JT
Baker (Phillipsburg, NJ)]. ACS reagent grade acetic acid, glacial and
HPLC-grade methyl tert butyl ether (MTBE) were obtained from VWR
(West Chester, PA). Acetonitrile was obtained fromBurdick and Jackson
(Muskegon, MI). Formic acid, ACS reagent grade, was obtained from
Anachemia (Rouses Point, NY). Deionized water was produced on-site
using aNANOpure™filtration system (Barnstead, Dubuque, Iowa, USA).
Stock standard solutions were individually prepared from pure
standards diluted with HPLC-grade methanol and stored in darkness
at b4 °C. A high-level standard mix, used for spiking and calibration
standards, was prepared bimonthly in methanol, at concentrations
of 10 or 20 ng/μL. Mass spectrometric calibration standards were pre-
pared weekly, from the high-level standard mix, ranging from 0.25 to
2 ng/μL in 99% methanol:1% acetic acid.
2.2. Sampling sites
Sampling sites were chosen from the Upper and Lower Colorado
River Basin. Grabwater samples, combinedwith the deployment of pas-
sive samplers (polar organic chemical integrative samplers, POCIS),
were collected starting at the headwaters of the Colorado River (located
on the western slopes of the Rocky Mountains), continuing down the
Colorado River, until reaching the NIB at Mexico (Fig. 1). Samples also
were collected from tributaries (i.e., Green River, Virgin River, Gila
River, Santa Cruz River, and the Las Vegas Wash) that reside within
the Upper and Lower Basin watershed. While these sites are not along
the Colorado River, they do eventually flow into the Colorado River
and are part of the CRB watershed. Several of these streams, like the
Santa Cruz and Gila River, are mostly ephemeral streams, with their
flows resulting from monsoonal storms, winter rains, agricultural run-
off, and wastewater treatment plant (WWTP) effluent.
2.3. Sample collection: grab and passive sampling techniques
Water samples were collected using either grab sampling or the
passive sampling technique, POCIS. Passive samplers were deployed
for approximately 30 days at certain collection sites, and collected in
conjunction with the grab sampling collection dates for comparison
purposes to the grab sampling.
2.3.1. Grab sampling
A pre-cleaned (i.e., acid washed, rinsed with methanol and deion-
ized water, and baked at 105 °C until dry) 4-L amber glass bottle was
submerged under water until filled. The grab samples were placed in
a cooler, on ice, transported overnight to the laboratory, and stored at
b4 °C until extraction. Extractions usually occurred on the date of re-
ceipt of the samples, and were analyzed by liquid chromatography–
mass spectrometry/mass spectrometry (LC–MS/MS), as described in
Section 2.5.
2.3.2. Passive sampling
Passive sampling devices were used to obtain time-weighted av-
erage (TWA) concentration of dissolved organic contaminants at se-
lect sites. The POCIS was chosen for this study as it is designed to
sample organic chemicals ranging from hydrophilic to moderately
hydrophobic (Alvarez et al., 2004). ECs, such as the pharmaceuticals
and illicit drugs targeted in this study, pass through the semi-
permeable membrane of the POCIS and are trapped onto a solid-
phase sorbent. The sequestered chemicals are then recovered from
the sorbent in the laboratory using a simple organic solvent extrac-
tion (Alvarez et al., 2008). Briefly, the POCISs were gently cleaned,
and the sorbents from each POCIS were transferred into empty SPE
cartridges (25 mL capacity) for extraction. Chemical residues were re-
covered from the POCIS sorbent using 40 mL of methanol. The sam-
plers were deployed for approximately 30 days at select study sites,
corresponding to grab sample sites (except for Cibola, where only
POCIS was deployed): Lee's Ferry (AZ); Diamond Creek (AZ); Las
Vegas Wash (NV); Willow Beach (AZ); Lake Havasu (AZ); Cibola
(AZ); Imperial Diversion Dam (AZ); and Northern International
Boundary (AZ/CA/Mexico).
The United States Environmental Protection Agency—Las Vegas
(USEPA—Las Vegas), using the LC–MS/MS technique described in
Section 2.5, analyzed the POCIS extracts for ECs. The POCIS extracts
were also screened for estrogenic activity using the yeast estrogen
assay (YES) screen, described in Section 2.7.
2.4. Grab sample preparation and solid-phase extraction
Briefly, water samples were acidified and placed onto an Auto-
Trace™ solid-phase extraction (SPE) workstation (Dionex Corp,
Sunnyvale, CA). The extractions were performed using Oasis MCX
SPE (6 cc, 150 mg) cartridges (Waters Corp., Milford, MA). The elu-
ants were reduced in volume to 0.5 and solvent exchanged with
methanol/1% acetic acid, transferred to 2-mL clear glass vials and
stored in a refrigerator, at b4 °C until analysis by LC–MS/MS. More
details can be found in the Supplementary file.
2.5. LC–MS/MS analysis
A Varian 500MS (Walnut Creek, CA) ion trap mass spectrometer,
configured with an electrospray ion source, and a Varian 212-liquid
chromatograph, was used for all analyses. Mid-range calibration stan-
dards (0.5 and 1 ng/μL) were analyzed at the beginning and end of
each analytical day. A volume of 5 μL was injected for each standard.
Linearity and precision of the daily calibration standards were mea-
sured from an initial 3-pt calibration curve prepared and analyzed
weekly. A volume of 10 μL was injected for each sample extract.
More detailed LC–MS/MS conditions can be found in the Supplemen-
tal section.
Due to potentially interfering materials co-extracted with the ECs,
the analyses were performed using the collision induced dissociation
(CID) mode for both identification and for calculation of the concen-
tration of the analytes of interest. Two to three product ions were
used for identification and the most abundant product ion was cho-
sen for quantification. The precursor ion and most abundant product
ion that were used to identify and quantify the nine ECs, and their
limits-of-detection (LOD, on-column) are listed in Supplemental
Table 2.
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2.6. Quality control
Trip blanks; spike recoveries of each EC in DI water, river water
and wastewater matrices (Supplemental Table 3); and precision and
accuracy of calibration standards and sample spikes were determined
over the course of the study.
For the POCIS, a combination of field blanks and laboratory blanks
was used for both the LC–MS/MS analyses and the estrogenic assays.
Field blanks were opened to the ambient air during the deployment
and retrieval of the passive samplers. Although the chemicals tar-
geted in this study are not likely to be present in the air, field blanks
are important, as other interfering chemicals may have been sampled
during these operations.
2.7. Estrogenic assays
POCIS extracts were screened for estrogenicity using the YES assay
(Alvarez et al., 2008), which uses recombinant yeast cells that are
transfected with the human estrogen receptor. The recombinant
yeast cells also contain expression plasmids carrying a reporter gene
(lac-z) situated downstream from a promoter sequence, which incor-
porates an estrogen response element (ERE). Following the binding of
a suitable agonist, the yeast cells undergo a cascade of events that re-
sult in the release of β-galactosidase into the growth media. The β-
galactosidase interacts with a chromogenic substrate (chlorophenol
red-β-D-galactopyranoside — CPRG) in the media subsequently pro-
ducing a color change that can be measured spectrophotometrically.
The strength of the color change is a measure of the estrogenic poten-
tial of chemicals in the sample. The 96-well test plates were prepared
by adding a positive control (17β-estradiol) in the first row and alter-
nating negative controls (200 μL ethanol) and test samples (50 μL ex-
tract diluted with 150 μL ethanol in triplicate) in the following rows.
All samples and controls are then serially diluted across the test
plate. The liquid in each well was allowed to evaporate prior to add-
ing 200 μL of assay medium containing ≈4×107 recombinant yeast
cells and CPRG. The plates were gently agitated, sealed, and incubated
at 30 °C for up to 72 h. Each day, the plates were inspected for the
conversion of CPRG in the positive controls to determine the speed
of plate development. After 72 h, the color change was monitored
using a plate reader and the absorbance was measured at 540 and
620 nm.
3. Results and discussion
3.1. Occurrence of emerging contaminants in the Colorado River Basin
Of the antibiotics, only azithromycin, with concentrations ranging
from 30 ng/L to 2800 ng/L, was routinely detected in all grab samples
of wastewater effluents (with the exception of Moab, UT) that enter
into the Colorado River or its tributaries (Table 1). The other three an-
tibiotics, i.e., roxithromycin, clarithromycin, and clindamycin, were
infrequently detected at lower concentrations in the wastewater ef-
fluents. In comparison to other studies done in the US, the azithromy-
cin concentrations in this study are similar to those found by Bartelt-
Hunt et al. (2009) in US WWTP effluents from small and large
WWTPs in Nebraska (Bartelt-Hunt et al., 2009). The concentrations
they detected ranged from non-detect to over 1500 ng/L, in the efflu-
ent from a large WWTP in Lincoln, Nebraska, population>250,000
(Bartelt-Hunt et al., 2009). Murata et al. (2011) reported similar con-
centrations of azithromycin in Japan, while the levels of clarithromy-
cin detected were slightly higher (Murata et al., 2011). In the Arc
river, southern France, Feitosa-Felizzola and Chiron (2009) reported
no findings of azithromycin, but very high levels of clarithromycin
in comparison to this study (Feitosa-Felizzola and Chiron, 2009). Lin
et al. (2008) report concentrations of azithromycin, in Taiwan, consis-
tent with this study, but much higher levels of clarithromycin and
clindamycin. Very low levels of azithromycin, as compared to this
study, were detected in several WWTPs located in the Ebro Basin in
Spain (Gros et al., 2007). However, it is difficult to compare antibiotic
usage across countries, as different countries prescribe different anti-
biotics, for example roxithromycin is not prescribed in the US, but it is
prescribed in Latin America and Europe.
Pseudoephedrine and hydrocodone were detected in several
wastewater effluents, ranging in concentrations from 120 to
3300 ng/L for pseudoephedrine, and 330 to 900 ng/L for hydrocodone
(Table 1). Hydrocodone was not screened as an emerging contami-
nant until half-way through the study time period (2007–2009);
therefore, many sites do not have collection data for this compound.
Postigo et al. (2008) found similar levels of ephedrine/pseudoephed-
rine in waste water effluents in Spain.
The illicit drugs, methamphetamine and MDMA (Ecstasy), were
detected in several WWTP effluents. The concentrations of metham-
phetamine ranged from non-detect to 570 ng/L in WWTP effluents,
while MDMA concentrations ranged from non-detect to nearly
100 ng/L (Table 1). These values are consistent with what others
have reported being detected in US effluents (Bartelt-Hunt et al.,
2009; Chiaia et al., 2008).
The raw human waste marker, urobilin was detected in several
WWTP waste streams, as well as at the New River site (Table 1). The
presence of urobilin, alongwith the presences of human-use drugs/me-
tabolites, can be good indicators of raw human waste (Jones-Lepp,
2006) and identification of these indicators has been used extensively
by USEPA's Region 1 to detect and document water quality violations
and enforcement actions resulting in the elimination of millions of gal-
lons per year of raw sewage from storm water outfalls (Borci, 2012).
Usually, most WWTPs do not discharge urobilin if they are operating
properly, and if there are no storm surge overflows. However, high
storm sewer overflow can severely impact a WWTP's ability to remove
urobilin; and hence, harmful bacteria.
There were five sites that were not wastewater streams where ECs
were detected: Cedar Pocket (AZ), Las Vegas Wash (NV), Lake Havasu
(AZ), Imperial Diversion Dam (IDD) (AZ), and New River (CA). Pseu-
doephedrine was detected at 290 ng/L at Cedar Pocket (AZ), this
amount was approximately 70% of the amount detected upstream
in the St. George WWTP effluent (430 ng/L) that was collected on
the same day (Table 1). Cedar Pocket (site #10 in Fig. 1) is located
along the Virgin River and is approximately 17 km downstream
from the St. George WWTP (site #9, Fig. 1). At a flow rate of
8.78 m3/s (real-time data for August 5, 2008 from USGS water gage
station (# 09413700) located below both sites near Littlefield, AZ),
it takes a few hours for the water to travel the 17 km. Pseudoephed-
rine is a small molecule, 165 Da, and has a log DOWb1, e.g., −1.28
at pH 7, it can be expected that the average levels of use and excretion
of pseudoephedrine were fairly consistent over a short period of time.
Therefore, it stands to reason that the pseudoephedrine detected at
Cedar Pocket is from the effluent from the wastewater treatment
plant 17 km upstream. Log DOW and its importance to environmental
occurrence data will be discussed later in Section 3.4.
Methamphetamine was detected in the Las Vegas Wash grab sam-
ples (Table 1). This site is located approximately 8 km downstream
from the nearest WWTP effluent stream (Henderson, NV), and
15 km downstream from WWTP #1 and WWTP #2 (Las Vegas, NV).
All three WWTPs sit along the Las Vegas Wash wetlands area, which
ultimately feeds into the Las Vegas Wash and subsequently, Lake
Mead and the Colorado River. Again, methamphetamine, like pseudo-
ephedrine, is a small molecule, 149 Da, and has a log DOWb1, e.g.,
−0.72 at pH 7.
In Lake Havasu (AZ), both methamphetamine and MDMA were
detected during the July 2007 collection event. Lake Havasu (AZ) is
a popular southwest recreational site especially during the summer
months. The Lake Havasu collection site was upstream from the efflu-
ent waste streams of the Lake Havasu WWTPs. MDMA was detected
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twice at very low levels (bLOQ, bLOD, but spectrally confirmed), out
of seven sampling events, at the IDD site, which is located down-
stream from Lake Havasu.
Roxithromycin and clarithromycin, 110 and 6 ng/L, respectively,
were detected at the New River sample site, which was located just
inside the US border at Calexico, California (Table 1). Roxithromycin,
a macrolide antibiotic, while not prescribed in the US, is a widely pre-
scribed antibiotic in Latin America and Europe. Also detected at the
New River sample site were methamphetamine, pseudoephedrine,
and urobilin (raw human waste marker). The New River is unique
in that it is one of the few rivers that flow northwards into the US
from Mexico. The New River starts in Mexico, flows through the city
Table 1





Urobilin Azithro. Roxithro. Clarithro. Clinda. Meth. MDMA Pseudoephedrine Hydrocodone
1 07/20/08 – – – – – – – – –
2 07/20/08; 08/06/09 1400; 340 170; 910 – – – 350; 360 96; – 1800; 3300 NA; 910
3 07/19/08 – – – – – – – – NA
4 07/20/08, 08/06/09 – – – – – – – – NA
5 07/18/08 – – – – – – – – NA
6 07/15/08, 08/07/09 – – – – – – – – NA, –
7 07/16/08 – – – – – – – – NA
8 07/18/08; 08/08/09 – – – – – – – – NA; –
9 08/05/08 – 150 – – 950 – – 430 NA
10 08/05/08; 07/19/09 – – – – – – – 290; – NA
11 07/14/08 – – – – – – – – NA
12 07/14/08, 08/08/09 – – – – – – – – NA; –
13b 06/30/08; 07/19/09 – – – – – 210; 250 – – NA
14 01/19/11a; 06/19/11a – 66; 44 – 75; – 180; – 310; 230 – 340; 270 –
15 11/18/08a; 05/22/11a –; 60 31; 2800 – 40; 130 1150; 120 370; 83 – 3100; – NA; 330
16 06/20/08 – – – – – – – – NA
17 06/20/08 – – – – – – – – NA
18 02/20/08 – – – – – – – – NA
19 02/18/08a – 140 – – – 110 – 180 NA
19 03/19/08 – 920 – – – 270 – 340 NA
19 04/10/08 – 240 180 – – 260 – 340 NA
19 04/18/08a – 1300 – 370 – 230 – 120 NA
19 05/26/08a – 460 – – – 470 – 400 NA
19 06/07/08 – 160 – – – 570 – 1000 NA
20 05/14/07 – – – – – – – NA NA
20 07/09/07 – – – – – bLODc 35 NA NA
20 11/05/07a – – – – – – – NA NA
21 05/14/07 – 6 – – – – 34 NA NA
21 11/07/07 – 50 – – – – – NA NA
21 02/25/08 – 11 – 78 – 190 – – NA
22 05/14/07a – 17 – – – – 68 – NA
22 07/09/07 5 52 – – 26 – bLODc – NA
22 11/07/07 – 40 – – – – – – NA
22 02/25/08 – 96 – – 550 – – 280 NA
23 02/25/08 – – – – – – – – NA
25 06/06/08a; 07/21/09a – 350; 770 – – –;740 –; 570 – – NA; –
26 10/15/07a; 01/21/08a – – – – – – bLOQc; bLOD c – NA
26 02/20/08–07/21/09 – – – – – – – – NA
27 02/20/08; 06/11/08 31 – – – – –; 83 – – NA
28 06/08/08 – – – – – 110 – – NA
29 02/19/08a 32 – 110 6 – 200 – 140 NA
“–”=not detected. NA= compound was not analyzed for. Azithro. = azithromycin; Roxithro.= roxithromycin; Clarithro.= clarithromycin;Meth.=methamphetamine. a Average
from duplicates. b This collection site is approximately 15 km downstream from the WWTP #1 and WWTP #2. c Analyte detected spectral confirmation, but below LOD or LOQ.
Legend for the sampling sites:
1 Grand Lake, CO 16 Diamond Creek, AZ (CR)
2 Glenwood Springs, CO (WWTP) 17 Willow Beach, AZ (CR)
3 Glenwood Springs, CO (CR) 18 Gila River, AZ
4 Roaring Fork, CO (CR) 19 Tucson, AZ (WWTP) (Santa Cruz River)
5 Grand Junction/Fruita, CO (CR) 20 Lake Havasu, AZ (CR) (upstream of Lake Havasu City development)
6 Green River, UT 21 Lake Havasu, AZ (WWTP #1) (CR)
7 Moab, UT (WWTP) (CR) 22 Lake Havasu, AZ (WWTP #2) (CR)
8 Moab, UT (CR) 23 Lake Havasu, AZ (CR at Lake Havasu City)
9 St. George, UT (WWTP) (VR) 24 Cibola, AZ (CR)
10 Cedar Pocket, AZ (VR) 25 Yuma, AZ (WWTP) (CR)
11 Cammeron, AZ (Little CR) 26 Imperial Diversion Dam (IDD), AZ (CR)
12 Lee's Ferry, AZ (CR) 27 Northern International Boundary (NIB), AZ (CR)
13 Las Vegas, NV (LVW) 28 Somerton, AZ (WWTP) (CR)
14 Las Vegas, NV (WWTP #1) (LVW) 29 New River, CA
15 Las Vegas, NV (WWTP #2) (LVW)
Sample Type: CR = Colorado River; LVW = Las Vegas Wash; VR = Virgin River; WWTP = wastewater treatment plant.
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of Mexicali (Mexico) across the US border, through Calexico (US) and
numerous agricultural fields before it empties into the Salton Sea, CA
(US). There are municipal waste streams, raw waste, industrial, and
agricultural wastes all entering the New River at various points
along the river, both inside Mexico and in the US.
3.2. Passive sampling (POCIS)
In 2008 and 2009 field studies the POCISs were deployed at a few
select sites: Lee's Ferry (AZ), Diamond Creek (AZ), Las Vegas Wash
convergence (NV), Willow Beach (AZ), Lake Havasu (AZ), Cibola
(AZ), IDD (AZ); and NIB (AZ/CA/Mexico); to examine and compare
the analytes detected between POCIS and grab sampling. POCIS ana-
lytes were measured as total ng per POCIS, and then back-calculated
using flow rates and uptake rates for correction to ng/L values
(Alvarez et al., 2004). ECs were detected at only three sites using
the POCIS: Las Vegas Wash (NV); Willow Beach (AZ); and NIB (AZ/
CA/Mexico) (Table 2).
3.3. Comparison of grab and passive sampling
Grab sampling has limitations in that when a sample is taken, it is
a “snapshot” of what contaminants are present at that particular mo-
ment in time. There is always the vulnerability of collecting a sample
just before, or after, contaminants pass by through the water column,
and leading to a false negative finding. To test this hypothesis, POCISs
were deployed at select sites concurrently with the collection of grab
samples. In 2008, at two of the sites, Lee's Ferry and IDD, there were
no chemicals detected in either the POCIS or grab samples. At the
Las Vegas Wash convergence sample site, several analytes were
detected in the POCIS extracts whereas only methamphetamine was
present in the grab sample. In 2009, the numbers of chemicals
detected in the POCIS and grab samplers were similar. Comparing
the number of analyte detections indicates that the POCIS did a better
job of identifying the occurrence of these chemicals than the grab
samples did. However, the estimated water concentrations were gen-
erally lower in the POCIS.
Direct comparison of the results between the two sampling tech-
niques should not be made without first understanding the differ-
ences in the information provided by both techniques. Grab samples
provide a snapshot of the concentration in the water at that exact lo-
cation and time. Passive techniques provide an integrated view of the
concentration of analytes in the water over the entire deployment pe-
riod. In a flowing body of water, the passive techniques may also pro-
vide a slightly better view of the overall chemical concentration in a
small area as mixing over time will occur. Often the results will be
similar, but they should not be expected to be so. It is well document-
ed that areas directly impacted by WWTPs experience temporal
changes in chemical concentrations (often throughout a single day)
due to changes in human activities (Gerrity et al., 2011; Managaki
et al., 2008; Ort et al., 2005). Also of note is that most of the grab sam-
ples were collected over weekend periods where there would be an
expected greater influx of human activities in popular vacation
areas (such as Las Vegas). It is reasonable to assume that concentra-
tions of certain chemicals would be increased compared to the rest
of the work week along with the increase in people visiting an area.
3.4. Environmental persistence as linked to log DOW
The release and persistence of ECs into aquatic ecosystems depend
upon their physical–chemical properties and the chemical properties
and biological characteristics of the water compartment. These in-
clude concentration of dissolved/suspended organic matter, solubili-
ty, microbial population, physical (e.g., volatilization from and
adsorption to suspended solids and sediment), chemical (hydrolysis,
photolysis) and biological removal mechanisms (e.g., microbial deg-
radation, uptake) in addition to flow and other water characteristics
(Baughman and Lassiter, 1978). Two important chemical measure-
ments, pKa and log DOW (the pH-dependent n-octanol-water distribu-
tion ratio), can provide strong evidence of whether compounds will
be in an ionized state, their hydrophobicity, and can help determine
whether they will partition into water, biosolids, sediment and/or bi-
ological media (Wells, 2006).
Most WWTPs in the US are operated between pH 7 and pH 8.
Therefore, this range will be considered in calculating log DOW
(Wells, 2006; Supplemental Table 1). For example, the log DOW of
two of the ECs measured in this study, azithromycin (an antibiotic)
and methamphetamine (an illicit drug), are −0.06 and 1.59 log
DOW at pH 7, respectively, and −0.72 and −0.11 log DOW at pH 8, re-
spectively (values calculated using ACD Labs Phys/Chem History pro-
gram) (Supplemental Table 1). At a log DOW of −1, the DOW ratio is
0.1/1 equivalent to 1×10−1; at a log DOW value of 0, the DOW ratio
is 1/1 equivalent to 1×100; and at a log DOW value of +1, the DOW
ratio is 1/0.1 equivalent to 1×101. Above a log DOW of +1, the likeli-
hood of predominance of the chemical in the aqueous phase de-
creases logarithmically, whereas below a log DOW of −1, the
likelihood of predominance of the chemical in the aqueous phase in-
creases logarithmically. Therefore, compounds having log DOW values
in the region between −1 to +1 at a pH of 7–8 would be anticipated
to be found distributed in both the water phase and organic phase
during water treatment and transport. Indeed, both azithromycin
and methamphetamine have been detected in the water column
and in biosolids (Banta-Green et al., 2009; Jones-Lepp et al., 2011;
Jones-Lepp and Stevens, 2007; Kim and Aga, 2007; Le-Minh et al.,
2010; Loganathan et al., 2009).
Table 2
Concentrations of analytes detected from POCIS (only samples with at least one detection are shown).
Analytes
ng/L
Site names Date deployed Azithromycin Methamphetamine MDMA Clindamycin Pseudoephedrine Hydrocodone
2008
Las Vegas Wash 09/08/08 – 14 0.8 9.5 12 NA
2008
Willow Beach 12/02/08 – – – – – 22
2009
Las Vegas Wash 06/21/09 0.5 6.5 – 26 – 71
Northern International Boundary 07/09/09 – 2.4 – – – –
“–” = not detected. NA = compound was not analyzed.
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This interaction between aqueous and solid phases can also be un-
derstood by looking at the pKas, as well as the log DOWs. For example,
hydrocodone has a pKa of 8.52 (calculated using ACD/PhysChem soft-
ware), indicating that it would be 50% charged and 50% neutral at pH
8.52. Because hydrocodone is a base at pH 8 (below the pKa) it is even
greater than 50% charged, therefore, at pH 8 where it is more than
50% charged, it can be concluded from the log DOW of 1.94, that
even the ionized form of hydrocodone is still rather hydrophobic.
However, because hydrocodone was detected in water samples,
hydrocodone can be considered as an example of a base being a hy-
drophobic ionogenic organic compound (HIOC) (Wells, 2006). In
terms of the transport of hydrocodone through a water treatment
plant (which operates at about pH 7–8 in the US), it could be pre-
dicted that hydrocodone will be detected in both the water and the
sludge phases. Most of the compounds in this study have log DOW
values that are b1, indicating that they would be detected in the
water column after release from WWTPs. Those compounds that
have log DOW values that are >1, like the antibiotics and hydroco-
done, were still detected in the water column, consistent with the
pKa data. Empirical data from this study supports the log DOW calcu-
lations, in that all of the compounds in this study were detected at
some level in the effluents from various WWTPs and non-WWTP
sources in the CRB.
Of course, in complex natural water and wastewater samples, par-
titioning due to hydrophobicity/lipophilicity is not the only physical–
chemical force of attraction operating between molecules. Ion-pair
formation and irreversible covalent bonding with organic surfaces
in environmental media also occur. However, investigation of
pseudo-equilibrium partitioning in these systems is a useful predictor
of environmental fate and transport, and log DOW (the pH-dependant
hydrophobicity) is more appropriate in these instances than log KOW.
3.5. Temporal data
Presented in Fig. 2 is a graph showing the temporal variation of
azithromycin, methamphetamine and pseudoephedrine from the
TucsonWWTP. There is a significant increase in azithromycin starting
in late spring (April 2008) and diminishing concentrations by early
summer (June 2008). However, azithromycin never entirely goes
away due to its constant use through high prescription rates in the
US, (DrugTopics.com, 2010); thereby, labeling it as a pseudopersis-
tent (Daughton, 2002) compound in the effluent waste stream. For
methamphetamine, there is an increase in the summer months, but
lower concentrations in the winter and spring. There is a notable in-
crease in pseudoephedrine as late spring arrives, and one can assume
that more allergies and hay fever are present, therefore increasing the
use of pseudoephedrine.
Other researchers have used data from WWTP effluents to look at
temporal, and spatial variations of different classes of drugs. For ex-
ample, Backe et al. (2011) report on temporal trends of androgen
loading from a relatively small WWTP in the US Pacific Northwest.
van Nuijs et al. (2009) reported on both spatial and temporal varia-
tions of cocaine and its metabolite, benzoylecgonine, in water sam-
ples and WWTP effluents from Belgium. Using principal component
analysis (PCA) Terzic et al. (2010) were able to evaluate, over an
8 month period, the temporal variations of several psychoactive sub-
stances and their metabolites from a major WWTP in Zagreb (Croatia).
Feitosa-Felizzola and Chiron also show temporal changes, between
winter and spring, in antibiotic usage along the Arc River, in Southern
France (Feitosa-Felizzola and Chiron, 2009).
3.6. Estrogenic assays
Extracts from the deployed POCISs were screened for the presence
of estrogenic chemicals using the YES assay. Six of the eight sites were
sampled in both 2008 and 2009. At each of these sites, the measured
estrogenicity was greater in 2008 than in 2009 (Table 3). Extracts
from the 2008 deployment in the Las Vegas Wash showed the second
highest estrogenicity, which was not unexpected as this site is heavily
influenced by treated wastewater. However, the presence of high
levels of toxic chemicals in the 2009 POCIS extracts masked estro-
genicity measurements from the Las Vegas Wash. In these extracts,
there was an observation of yeast cell death at the highest concentra-
tions of the extract during the YES procedure. The observation of
yeast cell death was indicative of toxic chemicals present in the ex-
tract. The other site that provided the highest level of response for
estrogenicity (2.4) was from one of the Lake Havasu sites (114° 19′
29″ W and 34° 26′ 55″ N). It is unknown as to why the response
was so great from the 2008 extracts from that site, as the POCIS de-
ployment site was in a remote cove along the Colorado River located
approximately 3 km (2 miles) downstream from the nearest WWTP
effluents. Overall, the estrogenicity measured at most sites was low;
however, of those that measured a response, the measured levels
may be approaching biologically-relevant concentrations.
4. Conclusions
Increasing demands on scarce water resources in the southwest-
ern part of the United States have forced water authorities to look
for alternative water sources. One alternative is the use of treatedmu-
nicipal wastewater. This has led to a growing number of water man-
agement entities to utilize wastewater effluent to stretch their water
consumptive needs. Effluent has been utilized directly fromwastewa-
ter treatment plants primarily for nonresidential irrigation and for
recharging depleted groundwater resources via percolation ponds
or injection wells. Some water authorities treat the wastewater
using advanced dual-membrane (microfiltration and reverse osmo-
sis) and ultraviolet technologies and then inject the treated used
water into ground water aquifers, and pump it out later for further
treatment and use as drinking water, or for non-potable water
reuse, e.g., use on golf courses, municipal green spaces, etc. This
type of reuse has been practiced in several parts of the United States
for more than 30 years. For example, in the Orange CountyWater Dis-
trict, Southern California, high quality water reclaimed from treated
used water has been injected into ground water since 1976. Other
water providers in the Southwest, such as the Phoenix Active Man-
agement Area of central Arizona, also recharge their treated wastewa-
ter effluent into groundwater reservoirs. Other entities such as the
City of Scottsdale, AZ, which is recognized as one of the largest munic-
ipal facilities in the world, treats raw wastewater to potable quality
for aquifer recharge. The City of Lake Havasu also uses a new state-
of-the-art advanced wastewater treatment facility for groundwater
recharge. The goal of the City of Lake Havasu is to take the ultra-
treated wastewater and inject it into a specially created underground
berm, and after further treatment, to eventually use it as source water
for the City of Lake Havasu.
Knowing that WWTPs can be a significant source of ECs in the Col-























Fig. 2. Temporal trends of azithromycin, methamphetamine, and pseudoephedrine
from Tucson WWTP.
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authorities to a better understanding of ECs in their source waters,
that are used for drinking water. For example, some compounds,
like azithromycin, can be thought of as pseudopersistent (Daughton,
2002; Daughton and Ternes, 1999) in that they are always present
in the waste streams due to their widespread use by humans. Other
compounds with higher water solubilities, such as methamphet-
amine, MDMA and pseudoephedrine, can travel for several kilometers
downstream from the WWTPs, or are introduced during recreational
activities on the water resource (e.g., lakes, streams, reservoirs). The
temporal variations (Fig. 2) in the release of different ECs at different
times of the year can also lead to an improved understanding of
wastewater treatment technologies that perhaps could be tailored
more specifically towards certain classes of compounds.
The cumulative impact to human health and aquatic ecosystems
from the release of multiple ECs (e.g., antibiotics, steroids, hormones,
illicit drugs) into the aquatic environment is uncertain. Most levels of
ECs detected in the environment are below the toxicity threshold for
an acute effect. However, due to the pseudopersistence of many of the
ECs it may be possible to elicit an effect from chronic exposure. For
example, Brain et al. (2004) showed that certain classes of antibiotics
and other pharmaceuticals elicited a phytotoxic response in aquatic
macrophytes. Kümmerer (2010) points out that targeted ecotoxico-
logical studies of ECs are lacking, and that chronic effects often do
not have visible results and can remain hidden for a much longer
time. Chronic exposure, as well as acute exposure, to ECs will likely
be of increasing importance in a water commodity-based future
where water reuse, and recycling, will play an ever-increasing role,
along with the probability of increasing ECs into source water
supplies.
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